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We demonstrate incoherent broadband cavity enhanced absorption spectroscopy in
the mid-infrared wavelength range from 3000 to 3450 nm using an all-fiber based
supercontinuum source. Multi-components gas detection is performed and concen-
trations of acetylene and methane are retrieved with sub-ppm accuracy. A linear
response to nominal gas concentrations is observed demonstrating the feasibility of
the method for sensing applications.
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Gas detection and accurate concentration measurements are important in many fields
ranging from industrial process to emission control and pollution monitoring. Different
spectroscopic methods have been developed to retrieve gas concentrations with very high
accuracy including cavity ring down spectroscopy1,2 and its broadband implementation3,
integrated cavity output spectroscopy4, noise-immune cavity-enhanced optical-heterodyne
molecular spectroscopy5, or cavity enhanced absorption spectroscopy (CEAS)6,7. Each
of these methods presents advantages and drawbacks in terms of sensitivity, selectivity,
footprint and cost.
Cavity enhanced absorption spectroscopy is conceptually relatively simple and a robust
experimental setup can be implemented from off-the-shelf components. In CEAS, one uses
a highly reflective cavity to increase significantly the optical path and thus the interaction
length between the light beam and gas molecules, which leads to enhanced sensitivity.
However, because of the mirrors highly reflectivity, the light intensity at the cavity output
is dramatically reduced such that a detector with high sensitivity is generally required to
measure the absorption. CEAS can be selective for a particular gas absorption line if a
source with narrow linewidth is used, or it can also perform multi-components detection
when a light source with a broad spectrum is employed.
The recent development of light sources operating in the mid-infrared has recently al-
lowed to extend precise spectroscopic measurements to the molecular fingerprint region
where many gases posses strong absorption lines, and indeed several studies have reported
measurements from pure gas in the 3-5 microns region8–12. All these recent studies used
optical parametric oscillators based on difference-frequency generation or a quantum cas-
cade laser. Whilst some of the recent demonstrations allow for extreme sensitivity, the light
source is single specie specific, which may limit the usability. The development of broadband
supercontinuum sources13 on the other hand, has revolutionized many applications ranging
from frequency metrology to imaging and spectroscopy. Taking advantage of the high spa-
tial coherence and high brightness of this type of source we demonstrate multi-components
gas detection in the mid-infrared over a bandwidth as large as 450 nm using incoherent
broadband cavity enhanced absorption spectroscopy. These results are significant not only
because they illustrate the potential of incoherent supercontinuum sources for spectroscopy
in the mid-IR but also because they represent the largest continuous detection window for
gas reported using CEAS method.
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FIG. 1. Experimental setup. L: lens, F1/2: filter, M: mirror, C: mechanical chopper, PD: photode-
tector.
An all-fiber supercontinuum source with a spectrum spanning from 900 to 3700 nm was
developed using a 1547 nm gain-switched pump laser producing 10 kW peak power sub-
nanosecond pulses at a repetition rate of 100 kHz. The pulses are first injected into the
anomalous dispersion regime of a 4 m long step-index, silica non-zero dispersion shifted fiber
(DSF) with 9 µm core-diameter. The zero dispersion wavelength (ZDW) of the fiber is at
1510 nm, allowing for efficient noise-seeded modulation instability dynamics which breaks
up the long pump pulses into a large number of solitons with short duration14. The solitons
experience the Raman self-frequency shift which expands the spectrum towards the long
wavelengths up to 2400 nm, which is the transparency window limit of silica. The output
of the DSF is then directly connected to a 7-m step-index fluoride (ZBLAN) fiber with low
attenuation (< 0.1 dB/m) up to c.a. 4 µm. The core size of the ZBLAN fiber is comparable
to that of the DSF which minimizes the coupling losses. Because a significant fraction of the
spectral intensity after the DSF is located in the anomalous dispersion regime of the ZBLAN
(ZDWZBLAN = 1620 nm) the short solitons undergo additional Raman self-frequency shift
extending the supercontinuum spectrum up to 3700 nm with an average output power of
160 mW. The resulting SC spectrum illustrated in Fig. 1 is essentially spectrally incoherent
with large fluctuations from pulse to pulse. Yet, the average spectrum is highly stable, a
pre-requisite in the context of spectroscopic measurements.
3The all-fiber SC source was subsequently used to perform cavity-enhanced absorption
spectroscopy measurements. The experimental setup is illustrated in Fig. 1. The SC beam
is collimated to a 3 mm size using an aspheric lens coated for 3 to 5 µm range. The beam
propagates through a 1-m long confocal cavity constructed from an aluminium pipe and
closed by two mirrors with 1 m radius of curvature and high reflection coefficient (R > 99.95)
between 3000 and 3450 nm. The SC power corresponding to the cavity spectral bandwidth
is 4 mW. The high reflectivity of the mirrors results in a transmission of 2.5× 10−4 and an
effective path length of c.a. 300 m. In order to match the supercontinuum source spectrum
with the spectral bandwidth of the cavity, the short wavelengths components of the SC are
filtered out using two long-pass filters F1 and F2 with cut-off wavelengths at 2333 nm and
2998 nm, respectively. The cavity has valves in both ends allowing gas circulation with a
constant flow during the measurements. Gas samples were diluted from 0.5 ppm of C2H2
and 0.25 ppm of CH4 in nitrogen using mass flow controllers (5850S, Brooks Instrument).
Using an uncoated MgF2 lens with a focal length of 50 mm, the beam at the cavity output
is focused onto the entrance slit of a computer-controlled monochromator (HR550 Horiba)
with 300 groove/mm grating and the light intensity is detected with a liquid nitrogen-
cooled InAs photodetector (Judson J10D). Wavelength scanning is performed in steps of
0.5 nm. Because only a small fraction of the 4 mW SC power is transmitted through the
highly reflective cavity, we use lock-in detection (Lock-in amplifier + mechanical choper at
245 kHz) and an integration time of 1 s to improve the signal-to-noise ratio.
We next perform measurements of different gases using the differential optical absorption
spectroscopy (DOAS) method performed in sequential steps15. The spectral transmission of
the cavity is first calibrated by a reference measurement with only N2 flowing through the
cavity such that no absorption is present. A second measurement is subsequently performed
with the gas under study and the spectral transmission from the cavity is then compared
to that of the reference measurement:
I(λ)
I0(λ)
=
ρ(λ)
ρ(λ) + τ(λ)
(1)
where I(λ) and I0(λ) correspond to the spectral intensities recorded for the gas under
study and N2 in the cavity, respectively. The parameter ρ represents the mirror spectral
losses and τ is the small single-pass absorption through the cavity of length d0 and depends
on the absorption cross section σ(λ)j and number density Nj of the gas species j present
in the cavity as:
τ(λ) =
∑
j
σ(λ)jNjd0. (2)
Retrieval of the gas species concentration is then achieved by fitting the experimentally
measured ratio I(λ)/I0(λ) with Eqs. (1)-(2) using a least-square method. In the fitting
procedure, we use the HITRAN 2012 database for absorption line strenghs and apply the
appropriate Voigt broadening of the lines at the measurement temperature and pressure.
The model also accounts for the finite resolution of the monochromator and slits width
as well as for possible background drift caused e.g. by light intensity or cavity coupling
fluctuations during the measurement15.
One particular feature of broadband DOAS is its ability to retrieve accurately gas con-
centrations even when the signal-to-noise ratio is relatively low and the recorded absorption
spectra noisy. This arises from the fact that spectral fitting is performed over a large num-
ber of absorption lines which effectively increases the integration time and thus reduces the
noise.
The experimental setup is first calibrated by measuring the spectrum of a reference gas
sample of known concentration, using only the monochromator resolution and mirror losses
as free-running parameters. This allows us to determine precisely the spectral dependence
4FIG. 2. Comparison between the modelled (red line) and the measured (blue line) absorption
spectra of 5 ppm of acetylene (from 3000 to 3100 nm) and 4 ppm of methane (from 3150 to
3450 nm). Note that negative values in the measured optical density result from the detection
noise.
of the mirrors losses ρ(λ) which may slightly differ from the data provided by the manufac-
turer. Figure 2 shows the comparison between the fitted and measured absorption lines of
acetylene (Fig. 2a) and methane (Fig. 2b) for a nominal concentration of 4 ppm and 5 ppm,
respectively, and we can see excellent agreement between the DOAS measurement and the
fit. The actual measurement resolution was found to be 1 nm, which is in agreement with
the targeted resolution using the monochromator slits of 100 µm.
The calibrated instrument is then used to determine the response of the method by
repeating the measurement for different gas concentrations and using the concentration as
a free-running parameter in the fitting procedure. Fig. 3 shows the results of the fit against
the nominal gas concentrations set using the mass flow controllers. Linear responses are
found for both gases demonstrating the feasibility of the method for sensing applications.
The smallest concentrations of 0.5 ppm for acetylene and 0.25 ppm for methane are still
following the linear response function.
One major advantage of CEAS over other spectroscopic techniques is the possibility
to perform detection over a very broad bandwidth. We next exploited this potential to
demonstrate multi-component gas analysis over the full bandwidth of the cavity from 3000
to 3450 nm. For this purpose, both methane and acetylene were flown simultaneously
through the cavity with nominal concentrations of 5 and 2 ppm, respectively. The results
in Fig. 4 shows very good agreement between the measured and modelled absorption using
the nominal concentrations over the full 450 nm bandwidth. For the modelled absorption,
5only the low-order polynomial was used as used as a free running parameter to account for
possible drift during the long measurement time.
In conclusion, using an all-fiber supercontinuum source we have demonstrated for the
first time CEAS in the mid-infrared over a wavelength range as large as 450 nm, allowing
to retrieve gas concentrations with sub-ppm accuracy. The sensitivity and measurement
speed of the technique could be improved in various ways. The intensity of the light source
could be increased e.g. by fusion-splicing the DSF and ZBLAN fibers16, which would
reduce the connection losses and allow to extend the spectrum further into the mid-infrared
with increased power spectral density. Losses resulting from the non-perfect alignment of
the cavity mirrors or from the chromatic aberration of the collimating lens could also be
reduced with the use of a parabolic mirror. The measurement speed on the other hand is
currently limited to 30 nm/min due to the monochromator scanning and long integration
time needed to improve the signal-to-noise ratio. This could be significantly reduced by
using a spectrometer with a detector array17.
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